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Generation of Oligodendrocyte Precursor Cells
from Mouse Dorsal Spinal Cord Independent
of Nkx6 Regulation and Shh Signaling
type followed by either astrogliogenesis or oligodendro-
genesis (Jessell, 2000; Zhou and Anderson, 2002). The
pMN domain, which expresses Nkx6 homeodomain
transcription factors (Qiu et al., 1998; Briscoe et al.,
2000; Vallstedt et al., 2001) and Olig bHLH transcription
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factors (Mizuguchi et al., 2001; Novitch et al., 2001), firstSchool of Medicine
produces motor neurons followed by oligodendrocyteUniversity of Louisville
precursor cells (OPCs) (Richardson et al., 1997; SunLouisville, Kentucky 40292
et al., 1998; Fu et al., 2002) that subsequently migrate2Department of Developmental and Cell Biology
throughout the spinal cord before differentiating intoUniversity of California, Irvine
myelinating oligodendrocytes. The sequential genera-4228 McGaugh Hall
tion of motor neurons and OPCs from the pMN domainIrvine, California 92697
requires the expression of Olig1 and Olig2 transcription
factors in this domain, and disruption of the Olig genes
leads to the lossof bothmotor neurons andoligodendro-Summary
cytes in the spinal cord (Lu et al., 2002; Takebayashi et
al., 2002; Zhou and Anderson, 2002). Based on theseIn the developing spinal cord, early progenitor cells of
and other observations, it is believed that, in the spinalthe oligodendrocyte lineage are induced in the motor
cord, early OPCs originate from the pMN domain, andneuron progenitor (pMN) domain of the ventral neuro-
oligodendrocyte development is coupled to motor neu-epithelium by the ventral midline signal Sonic hedge-
ron development (Zhou et al., 2001; Lu et al., 2002; Zhouhog (Shh). The ventral generation of oligodendrocytes
and Anderson, 2002).requires Nkx6-regulated expression of the bHLH gene
The possible contribution of dorsal neuroepitheliumOlig2 in this domain. In the absence of Nkx6 genes or
to oligodendrocyte development in the spinal cord hasShh signaling, the initial expression of Olig2 in the
been under intensive investigation and considerable de-pMN domain is completely abolished. In this study, we
bate. In the developing chick embryos, someearly trans-provide the in vivo evidence for a late phase of Olig
plantation studies suggested that oligodendrocytesgene expression independent of Nkx6 and Shh gene
were generated from both dorsal and ventral spinal cordactivities and reveal a brief second wave of oligoden-
(Cameron-Curry and LeDouarin, 1995). However, similardrogenesis in the dorsal spinal cord. In addition, we
chick-quail grafting experiments argued that dorsal spi-provide genetic evidence that oligodendrogenesis can
nal neuroepithelial cells only produced astrocytes butoccur in the absence of hedgehog receptor Smooth-
not oligodendrocytes (Pringle et al., 1998). Recent stud-ened, which is essential for all hedgehog signaling.
ies in rodents suggested that glial-restricted progenitor
(GRP) cells, which can give rise in vitro to OPCs andIntroduction
astrocytes, could be derived from both dorsal and ven-
tral spinal cords (Rao et al., 1998; Gregori et al., 2002).The spinal cord has served as an excellent model for
Moreover, in vitro culture of dorsal mouse spinal cordstudying the origin and molecular specification of oligo-
explants, like that of its ventral counterpart, can alsodendrocytes in the developing central nervous system
produce OPCs, although with a significant delay. In the(CNS). Although oligodendrocytes arewidely distributed
mean time, the intermediate region located between the
in the adult spinal cord, recent findings have indicated
dorsal and ventral explants failed to generate OPCs in
that early progenitors of the oligodendrocyte lineage are
culture (Sussman et al., 2000), arguing against the possi-
induced from specific loci of the ventral neuroepithelium bility of dorsal invasion of OPCs from the ventral region.
by the ventral midline signal Sonic hedgehog (Shh) (for Together, these experiments indicated that the dorsal
reviews, see Richardson et al., 2000; Spassky et al., spinal neuroepithelial cells in mammals have an intrinsic
2000; Miller, 2002). Under the influence of Shh morpho- and independent potential to produce oligodendrocytes
gen, a number of transcription factors are selectively under appropriate conditions. However, it is not known
repressed (class I) or induced (class II) in the ventral whether this potential is realized during the in vivo devel-
neural progenitors (Briscoe et al., 2000), with each tran- opment of mouse spinal cord, as it has been argued
scription factor having a different threshold response to that, in culture, neural progenitor cells may lose their
the graded Shh signaling. As a result, these progenitor positional cues and behave differently from in vivo in
transcription factors display a nested pattern of expres- response to exogenous factors (Gabay et al., 2003;
sion along the dorsal-ventral axis. Based on their differ- Stiles, 2003). For instance, bFGF can ventralize dorsal
ential expression in the ventral spinal cord, the ventral neural progenitor cells in vitro, resulting in an arbitrary
neuroepithelium can be divided into five distinct do- induction Olig2 expression and oligodendrocyte differ-
mains (p0–p3 and motor neuron progenitor [pMN]), with entiation (Gabay et al., 2003; Chandran et al., 2003; Kes-
each domain expressing a unique combination of pro- saris et al., 2004).
genitor genes and producing a specific neuronal cell To investigate whether OPCs can be derived from the
dorsal spinal cord in vivo, we examined oligodendrocyte
development in Nkx6.1/ Nkx6.2/ and Shh/ mutant*Correspondence: m0qiu001@louisville.edu
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Figure 1. Early Expression of Olig2 in Various Nkx6 Mutant Spinal Cords
Transverse spinal cord sections from E10.5 (A–D) and E12.0 (E–H) embryos of various Nkx genotypes were subjected to in situ hybridization
with Olig2 riboprobe. The Olig2 expression in the pMN domain was regulated by the redundant activities of Nkx6.1 and Nkx6.2 and was
completely suppressed in Nkx6/ double mutants.
spinal cords, in which the early ventral oligodendrogen- expressionwasnot significantly affected (data not shown).
In Nkx6.1/ Nkx6.2/ embryos, expression of Olig2 inesis from the pMN domain is abolished, so that the
potential dorsal oligodendrogenesis could be unmasked. the ventral ventricular zone was slightly decreased (Fig-
ures 1B and 1F). However, Olig2 expression was mark-Our studies on oligodendrogenesis in Nkx6/ double
mutants and Shh/ mutants uncovered a transient pro- edly reduced in Nkx6.1/ (Liu et al., 2003) or Nkx6.1/
Nkx6.2/ embryos (Figures 1C and 1G) and completelyduction of OPCs in the dorsal spinal cord. The dorsal
generation of OPCs was also observed in wild-type spi- eliminated in Nkx6.1/ Nkx6.2/ (referred to as Nkx6/
hereafter) compound mutants (Figures 1D and 1H). Col-nal cords and was confirmed by in vitro culture of dorsal
spinal cord explants. Together, these observations sug- lectively, these results indicated a dosage-dependent
regulation of Olig2 expression in the ventral spinal cordgest an Nkx- and Shh-independent mechanism for Olig
gene expression in the dorsal spinal cord after neuro- by Nkx6 transcription factors, and its expression is
largely dependent on Nkx6.1 activity but to a lessergenesis and provide evidence for a late phase of oligo-
dendrogenesis independent of motor neuron develop- extent on Nkx6.2 activity.
ment in the dorsal spinal cord.
Delayed and Dorsal Expression of Olig Genes
in Nkx6/ Spinal Cords during GliogenesisResults
To investigate whether the lack ofOlig expression in the
pMN domain leads to a complete inhibition of oligoden-Nkx6 Dosage-Dependent Olig Gene Expression in
the Ventral Ventricular Zone during Neurogenesis drogenesis in the spinal cord,weexaminedOPCgenera-
tion and differentiation at progressively later stages ofPrevious studies have demonstrated that Nkx6.1 and
Nkx6.2 have redundant functions in controlling motor embryonic development in Nkx6/ double mutants. At
E13.5, many Olig1 and Olig2 OPCs had already mi-neuron specification, with Nkx6.1 having a larger effect
than Nkx6.2 (Vallstedt et al., 2001). To examine the ef- grated out of the ventral ventricular zone in wild-type
spinal cords (Figures 2A and 2C). As expected, nomigra-fects of different levels of Nkx6 gene activity on oligoden-
drocyte development in embryonic spinal cord, we first tory Olig cells were observed outside the ventricular
zone in Nkx6/ mutants. Surprisingly, a small numberexamined the early expression of Olig2, the principal
Olig gene responsible for motor neuron and oligoden- ofOlig1 andOlig2 cells were detected in themutants
in both dorsal and ventral ventricular zone (Figures 2Bdrocyte development (Lu et al., 2002; Takebayashi et
al., 2002), in the ventral spinal cords of various Nkx6 and 2D). The ventral expression of Olig genes in Nkx6/
mutants occurred at approximately the same positionmutants prior to oligodendrogenesis stages. Consistent
with the previous findings (Lu et al., 2000; Zhou et al., as the pMN domain. These data suggested a Nkx6-
independent regulation of Olig gene expression in both2000; Takebayashi et al., 2000), at E10.5 and E12.0, Olig
2 was exclusively expressed in the pMN domain of the the dorsal and ventral spinal cord during oligodendro-
genesis stages. The dorsal expression of Olig genes inwild-type spinal cord (Figures 1A and 1E). In heterozy-
gous embryos (Nkx6.1/, Nkx6.2/, or Nkx6.1/ the mutants became more apparent at E14.5, when a
small number of Olig1 and Olig2 OPCs started toNkx6.2/) and Nkx6.2/ homozygous embryos, Olig2
Dorsal Oligodendrogenesis in Nkx6 and Shh Mutants
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Figure 2. Late and Dorsal Expression of Olig2 Gene in Nkx6/ Spinal Cords at the Thoracic Level
Transverse sections from E13.5 (A–D), E14.5 (E–H), E15.5 (I–L), and E18.5 (M–P) spinal cords of wild-type and Nkx6/ embryos were subjected
to in situ hybridization with riboprobes for Olig2 and Olig1. At E13.5, Olig1 and Olig2 expression was upregulated in Nkx6/ double mutants
in both dorsal (indicated by arrows) and ventral (indicated by the arrowheads) positions. At E14.5 and later stages, Olig1 and Olig2 cells
migrated into the surrounding regions in a dorsal to ventral gradient, in contrast to that seen in the wild-type spinal cords. The positions of
dorsal-derived Olig cells in E14.5 wild-type spinal cord are outlined by a square bracket in (E) and (G).
migrate away from the dorsal ventricular zone (Figures confined to the dorsal spinal cords (Figures 2J and 2L).
In contrast, a higher percentage (55%) ofOlig1/2OPCs2F and 2H). Interestingly, very fewmigratory OPCs were
produced from the Olig-expressing ventral ventricular were found in the ventral half of wild-type spinal cord
(Figures 2I and 2K), and they were presumably derivedzone of the mutant spinal cord. Thus, a vast majority of
Olig OPC cells in Nkx6/ mutants appeared to origi- from the ventral neuroepithelial cells. By E18.5,Olig1/2
cells were distributed more or less evenly throughoutnate from the dorsal ventricular zone. At this stage, a
distinct population ofOlig1 andOlig2 cells were also the entire spinal cord in Nkx6/ mutants (Figures 2N
and 2P), suggesting that the dorsal-derivedOligOPCsclosely associated with the dorsal ventricular or subven-
tricular zone of the wild-type spinal cords (Figures 2E in Nkx6/ mutants migrated progressively from the dor-
sal to the ventral spinal cord. However, the number ofand 2G), and there was an apparent discontinuity be-
tween this group of Olig cells and the ventral-derived Olig cells remained significantly smaller than that in
wild-type embryos (Figures 2M and 2O; Figure 3Q).Olig cells (more apparent in Figures 5A, 5I, 8C, and
8E). Together, these observations suggest that a small
number of Olig OPCs are produced from the dorsal Delayed Appearance of Other Oligodendrocyte
Markers in Nkx6/ Mutantsneuroepithelial cells in both normal and Nkx6/ spinal
cords. One critical issue for the dorsal-derived Olig cells is
whether they are capable of differentiating further alongAt E15.5, the number of Olig1/2 cells in Nkx6/ mu-
tants was further increased, but most of them remained the oligodendrocyte lineage. To address this question,
Neuron
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Figure 3. Delayed and Reduced Production of PDGFR and Sox10 OPCs in Nkx6/ Mutant Spinal Cords
(A–L) Spinal cord sections from E13.5 (A–D), E15.5 (E–H), and E18.5 (I–L) wild-type and mutant embryos were subjected to in situ hybridization
with PDGFR or Sox10 riboprobes. A smaller number of PDGFR and Sox10 cells started to emerge in E18.5 Nkx6/ spinal cords.
(M–P) Double immunostaining of E18.5 wild-type and mutant spinal cord with Olig2 (green) and PDGFR ([M] and [N], red) or Sox10 ([O] and
[P], red).
(Q) The number of Olig2 single-positive OPCs and Olig2/PDGFR or Olig2/Sox10 double-positive cells per spinal cord section in
E18.5 wild-type or Nkx6/ mutants (average of three sections).
(R) The percentage of Olig2 cells that coexpress PDGFR or Sox10 in E18.5 wild-type or Nkx6/ mutants. Statistical analyses in (Q) and
(R) were performed with Student’s t test.
we examined the expression of several oligodendrocytic to oligodendrocyte lineage (Pringle et al., 1992; Stolt et
al., 2002) and can be detected in the ventral spinal cordmarkers (e.g., PDGFR, Sox10, and MBP) downstream
of Olig1/2 in Nkx6/ spinal cords. In wild-type spinal at E13.5, whereas their expression in Nkx6/ mutants
was not observed until E18.5 (Figures 3A–3L), indicatingcords, expression of PDGFR and Sox10 is restricted
Dorsal Oligodendrogenesis in Nkx6 and Shh Mutants
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mutants are capable of differentiating into mature oligo-
dendrocytes in vitro, we isolated spinal cord explants
from E13.5 wild-type and mutant embryos and cultured
them on floating membranes. Following 8 days of cul-
ture, a small number of MBP cells started to emerge
in mutant tissues (Figures 4E and 4F). Moreover,MBP
fibers, indicators of myelinating axons, were observed
in the axon-enriched medial (ventral) regions of both
normal and mutant explants (Figures 4G and 4H). These
results suggest that the dorsal-derived OPCs in Nkx6/
mutants are capable of differentiating into MBP
mature oligodendrocytes and form myelin sheaths, at
least in vitro.
Olig OPCs Are Briefly Produced from the Dorsal
Neuroepithelial Cells and Transiently Coexpress
Some Dorsal Neural Progenitor Markers
To verify the dorsal origin of a subset of Olig OPCs in
both normal and Nkx6/ spinal cords, sections from
E14.5 embryos were subjected to double immunostain-
ing with antibodies against Olig2 and two dorsal neural
progenitor markers, Pax7 andMash1. During neurogen-
esis and early gliogenesis, Pax7 is expressed in the
entire dorsal ventricular zone of the spinal cord (Goulding
et al., 1993), whereas Mash1 expression in the dorsal
spinal cord is restricted to the dorsal interneuron pro-
genitor domains dI3–dI5 (Gross et al., 2002; Muller et
al., 2002; Caspary and Anderson, 2003). Double immu-
nostaining revealed that a subpopulation ofOlig2 cells
was closely associated with the Pax7 and Mash1
dorsal neuroepithelial cells in both genotypes (Figures
5A–5J). Moreover, a small number of migratory Olig2
cells in the dorsal ventricular zone or immediately adja-
cent regions coexpressed Pax7 and Mash1 (arrows in
Figure 4. Disrupted Expression of MBP and PLP in Nkx6/ Mutant Figures 5B–5D and 5F–5H; insets in Figures 5I and 5J).
Spinal Cords These colabeling data strongly suggested that some
(A–D) Spinal cord sections were prepared from E18.5 wild-type (A Olig2 cells arose from the dI3–dI5 domains of dorsal
and C) and mutant (B and D) animals and hybridized with MBP (A neural progenitor cells in both normal andNkx6/ spinal
and B) and PLP (C and D) riboprobes. cords and that the dorsal-derived Olig2 cells retained
(E–H) Spinal cord explants isolated fromE13.5 wild-type andNkx6/
the expression of dorsal markers Pax7 and Mash1 forembryos were cultured on floating membranes for 8 days before
a brief period of time. Although only about 8% ofOlig2they were subjected to anti-MBP whole-mount immunostaining. (G)
cellswere alsoPax7 in E14.5wild-type spinal cord, thisand (H) are highermagnifications of (E) and (F), respectively, showing
MBP myelinating axons. may be an underestimate of the percentage of dorsal-
derivedOPCpopulation due to the rapid downregulation
of Pax7 after they migrate away into the surrounding
region. Intriguingly, the total number of Olig2/Pax7a significant delay of OPC differentiation. Double immu-
nostaining at this stage confirmed that a high percent- and Olig2/Mash1 cells in Nkx6/ double mutants
was significantly larger than that in normal embryos (Fig-age of Olig2 cells in Nkx6 mutants coexpressed
PDGFR and Sox10 (Figures 3M–3P and 3R), although ure 5M). One plausible explanation is that the dorsal-
derived Olig2 cells in mutant spinal cords proliferatedthe total number of Olig2/PDGFR and Olig2/
Sox10 cells per spinal cord section remained signifi- more rapidly, possibly due to the lack of competition
from the ventral-derived OPCs for mitogens. Alterna-cantly smaller (Figure 3Q). Similarly, expression of the
mature oligodendrocyte markers MBP and PLP in mu- tively, expression of Pax7 and Mash1 in dorsal-derived
OPCs may be downregulated more slowly in Nkx6 mu-tant spinal cords was also affected. In normal embryos,
many MBP/PLP oligodendrocytes were seen in the tants.
To confirm our mapping of the origin of dorsal OPCs,ventral spinal cord at E18.5 (Figures 4A and 4C). How-
ever, no MBP/PLP cells were detected in Nkx6/ we also compared the expression of Olig2 with that
of two other neural progenitor genes, Dbx1 and Dbx2.mutants at this stage (Figures 4B and 4D). Together,
these results suggest that the dorsal-derivedOlig cells Previous studies have shown that Dbx1 is expressed
in the dorsal-ventral boundary of the embryonic spinalinNkx6/ spinal cords can progress along the oligoden-
drocyte lineage, but they develop and mature much cord, whereas Dbx2 is expressed in the dI6 domain of
the dorsal spinal cord and the p0 and p1 domains ofmore slowly than the early-born ventral OPCs.
To assess whether dorsal-derived OPCs in Nkx6/ the ventral spinal cord (Briscoe et al., 2000; Caspary
Neuron
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Figure 5. Olig Cells Originated from Pax7 and Mash1 but Dbx Dorsal Interneuron Progenitor Domains
(A–H) Coexpression of Pax7 and Olig2 in the dorsal spinal cord. E14.5 spinal cord sections from wild-type (A–D) and Nkx6/ (E–H) embryos
were simultaneously immunostained with antibodies against Olig2 (in green) and Pax7 (in red). (B)–(D) and (F)–(H) are the higher magnifications
of the boxed areas in (A) and (E), respectively. In both genotypes, a group of Olig2 cells were produced from the Pax7 dorsal ventricular
zone, and some of the Olig2 cells retained the expression of Pax7 (represented by arrows in [B]–[D] and [F]–[H]).
(I–L) E14.5 wild-type and Nkx6/ spinal cord sections were double immunostained with anti-Olig2 and anti-Mash1 antibodies (I and J), or
subject to in situ hybridization with Dbx2 riboprobe followed by anti-Olig2 immunohistochemistry (K and L). The Olig2/Mash1 double-
positive cells are represented in insets in (I) and (J). The dorsal-derived Olig2 cells in (K) and (L) are outlined by a square bracket.
(M) Statistical analyses (Student’s t test) of Olig2/Pax7 and Olig2/Mash1 double-positive cells in wild-type and Nkx6/ mutants
per section.
and Anderson, 2003). Double labeling of E14.5 spinal pression in cultured dorsal neural progenitor cells (Ga-
bay et al., 2003; Chandran et al., 2003). In E11.5 mousecord sections demonstrated that the dorsalOlig2 cells
lay immediately dorsal to Dbx2 expression (Figures 5K spinal cord, OPCs were not produced from the pMN
domain yet (Figures 6A and 6B), excluding the possibilityand 5L) but well above Dbx1 expression (data not
shown), indicating that the dorsal Olig2 cells were de- of dorsal invasion of ventral OPCs. Following 3 days of
in vitro culture (equivalent to E14.5), a small number ofrived from regions above the dI6 domain. This result is
consistent with the idea that dorsal Olig2 cells are Olig2 cells started to emerge from the dorsal explants
and coexpressed Pax7 (Figure 6C). Expression of laterprimarily derived from the Mash1 dI3–dI5 dorsal
interneuron progenitor cells. OPC markers PDGFR and NG2 in dorsal explants was
seen after 4–6 days of culture, and that of mature mark-To further confirm that the dorsal spinal cord has an
independent potential to generate OPCs, we dissected ers GalC and MBP was seen after 6–8 days of culture
in vitro (Figures 6E–6L). Together, these data indicatedthe dorsal and ventral halves of spinal cord from E11.5
mouse embryos and cultured them separately in colla- that the dorsal spinal cord explants have an intrinsic
potential to produce OPCs, and the schedule of OPCgen gel or on floating membranes in the absence of
exogenous bFGF, which is known to induce Olig2 ex- generation and differentiation in dorsal explant culture
Dorsal Oligodendrogenesis in Nkx6 and Shh Mutants
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Figure 6. Generation of Oligodendrocytes from
Dorsal Spinal Cord Explant Culture
Mouse E11.5 spinal cord tissues isolated
from the thoracic level were bisected into
dorsal and ventral halves and cultured sepa-
rately in collagen gel (A–J) or on floatingmem-
brane (K and L) for various days in vitro (DIV)
as indicated. Explants were then subject to
immunofluorescent staining with antibodies
or in situ hybridization with MBP.
is similar to that in vivo. In agreement with previous from both normal and Smo/ mutant ES cells at a com-
parable efficiency (Figures 7E and 7F).findings (Gabay et al., 2003; Chandran et al., 2003), addi-
tion of exogenous bFGF dramatically increased the We next examined oligodendrocyte development in
Shh/ mutant spinal cord to confirm that Shh signalingnumber of Olig2 OPCs in both dorsal and ventral ex-
plants (data not shown). is not responsible for dorsal oligodendrogenesis in vivo.
In Shh/ mutants, the spinal cord is dorsalized, and
most of the ventral structures including the pMN do-Generation of Dorsal OPCs in the Absence
of Shh Signaling mains are missing (Chiang et al., 1996; Pierani et al.,
1999). Consistent with some earlier findings that Shh isThe generation of OPCs in the dorsal spinal cord sug-
gests a Shh-independent pathway for oligodendrogen- required for ventral oligodendrogenesis (Lu et al., 2000;
Alberta et al., 2001), no early Olig1/2 OPCs were pro-esis, since cell fate specification in the dorsal spinal
cord is primarily regulated by dorsal midline signals, duced in Shh mutant spinal cords at or before E13.5
(Figures 8A and 8B; data not shown). However, at E14.5,notably BMPs (Dickinson et al., 1995; Liem et al., 1995).
To test the possibility, we examined whether OPCs’ pro- a small number of Olig1 and Olig2 cells started to
appear in the dorsal region of the mutant spinal cordsduction from dorsal explants can be blocked by anti-
Shh antibody. In contrast to the previous finding that (Figures 8D and 8F). By E18.5, a larger number ofOlig2
cells were observed throughout the mutant spinal cordShh was partially required for O4 expression in dorsal
explants (Sussman et al., 2000), we found that anti-Shh (Figure 8H).
Similar to our data in Nkx6/ mutants, oligodendro-antibody had no apparent effect on Olig2 gene expres-
sion in dorsal explants, although it dramatically inhibited cyte lineage progression in Shh null spinal cord was
also delayed. Expression of PDGFR and Sox10 was notOlig2 expression in the ventral explants (Figures 7A–7D).
To provide genetic evidence that oligodendrogenesis detecteduntil E18.5 (Figures 8I–8L), andnoMBPexpres-
sion was observed at perinatal stages (Figures 8M andcan occur independent of hedgehog signaling, wediffer-
entiated ES (embryonic stem) cells deficient in pan- 8N). However, when spinal cord explants isolated from
E18.5 mutant embryos were cultured in vitro for 2 addi-hedgehog signaling component Smoothened (Smo/;
Wijgerde et al., 2002) in the presence of retinoid acid tional days, a small number of MBP cells started to
emerge inmutant tissues (Figures 8O and 8P), indicatingand found that GalC oligodendrocytes were formed
Neuron
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Figure 7. Shh-Independent Generation of Oligodendrocytes in Spinal Explants and ES Cells
(A–D) Inhibition of Olig gene expression by anti-Shh antibody in ventral explants but not in dorsal explants. Dorsal and ventral spinal cord
explants from E11.5 wild-type embryos were cultured in collagen gel for 3 days in the absence (A and B) or presence (C and D) of anti-Shh
antibody prior to immunostaining with anti-Olig2.
(E and F) Differentiation of wild-type (E) and Smo/ (F) ES cells into GalC oligodendrocytes.
that the dorsal-derived OPCs in Shh mutants are able pMN domain in Nkx6/ mutants, a low level of Olig1
and Olig2 expression started to be detected in both theto differentiate into MBP mature oligodendrocytes
as well. ventral and dorsal ventricular zone after the onset of
oligodendrogenesis (Figure 2). In the dorsal spinal cord,
Olig gene expression was detected in Pax7/Mash1Discussion
dI3–dI5 dorsal neural progenitor domains starting at
E13.5 (Figures 2 and 5). In the ventral spinal cord, aThis study reveals anNkx6- andShh-independentmech-
small number of ventral ventricular cells started to ex-anism for a late phase of Olig gene expression in the
press Olig1 and Olig2 genes at approximately the samedorsal spinal cord after the onset of early oligodendro-
position as the pMN domain (Figures 2B and 2D). To-genesis from the pMN domain (Figure 9). The late Olig
gether, these results indicate an Nkx6-independent reg-gene expression is associated with a brief wave of oligo-
ulation of Olig gene expression in both the dorsal anddendrogenesis in the dorsal spinal cord. These findings
ventral spinal cord. The late phase of Olig gene expres-provide evidence for multiple origins of OPC generation
sion in the dorsal spinal neuroepithelium was also ob-involving distinct inductive signals during spinal cord
served in wild-type spinal cord, mostly at E14.5 (Figuresdevelopment.
5 and 8) but occasionally at E13.5 (data not shown).
Thus, the dorsal ventricular Olig2 expression appearedNkx6-Independent Mechanisms for Olig Gene
to be slightly advanced or enhanced in Nkx6 mutants.Expression and Oligodendrogenesis
This enhancement might partially account for the in-in the Spinal Cord
creased population of Olig2/Pax7 cells in the mu-Previous work had demonstrated that Nkx6.1 and
tants. Interestingly, no Olig expression was observedNkx6.2 have redundant functions in controlling motor
in E13.5 Shh mutants (Figure 8), suggesting that theneuron specification in the spinal cord (Vallstedt et al.,
premature or enhanced dorsal ventricular Olig expres-2001). Consistent with this line of study, our findings
sion was not simply due to the loss of ventral patterning,indicate that Nkx6.1 and Nkx6.2 have redundant activi-
but more specifically associated with the absence ofties in regulating the early expression of Olig2 in the
Nkx6 gene expression.pMN domain, with Nkx6.1 exerting a larger effect than
The dorsal Olig gene expression was associated withNkx6.2 (Figure 1). In the absence of both Nkx6.1 and
a transient production of OPCs starting at around E14.5,Nkx6.2, the initial expression ofOlig 2 in the pMNdomain
about 2 days later than the ventral oligodendrogenesisis completely abolished. In keeping with the idea that
from the pMN domain (Figure 9B). In both wild-type andearly progenitors of the oligodendrocyte lineage are de-
Nkx6/ spinal cords, migratory Olig1/2 OPCs wererived from the Olig2 pMN domain of the ventral spinal
briefly produced from the dorsal neural progenitor cells.cord, the loss of Olig2 expression in the pMN domain
Several lines of evidence strongly suggest that thesein Nkx6/ mutants was associated with the failure of
OPCcells are generated de novo from the dorsal ventric-production of early OPC cells from the ventral spinal
ular cells, instead of having migrated up from the ventralcord (Figure 2).
Despite the lack of early expression of Olig2 in the cord. First, many dorsal Olig2 cells coexpressed sev-
Dorsal Oligodendrogenesis in Nkx6 and Shh Mutants
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Figure 8. Oligodendrocyte Development in Shh Mutant Spinal Cord
(A–H) Dorsal generation of Olig1/2 OPC cells in Shh mutant spinal cords. Spinal cord sections from E13.5 (A and B), E14.5 (C–F), and E18.5
(G and H) wild-type (A, C, E, and G) or Shh/ (B, D, F, and H) embryos were subjected to in situ hybridization (ISH) with Olig1 (A–D) and Olig2
(E–H) riboprobes. At E13.5, Olig OPCs were generated from the ventral neuroepithelium in wild-type embryos but not in Shh mutants. At
E14.5, a small group of Olig1 and Olig2 cells were associated with the dorsal neuroepithelium in both wild-type and Shh mutants. Dorsal
Olig cells are outlined by a square bracket in (C) and (E).
(I–N) Distribution and differentiation of OPC cells in Shh mutant spinal cords. (I–N) Expression of PDGFR (I and J), Sox10 (K and L), and MBP
(M and N) in E18.5 wild-type (I, K, and M) and Shh mutant (J, L, and N) spinal cords. Olig2/PDGFR and Olig2/Sox10 cells in mutants
are represented in insets (J) and (L), respectively.
(O and P) Spinal cord tissues from E18.5 wild-type and Shh mutant embryos were isolated and cultured on polycarbonate membranes for 2
days in vitro and then subjected to whole-mount ISH with the MBP probe. A small number of MBP cells emerged in the mutant tissue.
eral dorsal neural progenitor genes such as Pax7 and ity that a few Olig cells could also be generated from
the remaining p0 and p1 domains in the most ventralMash1 (Figure 5). Second, dorsal neural explants iso-
lated fromE11.5 spinal cord prior to ventral oligodendro- region (Pierani et al., 1999). Together, these observa-
tions indicate that dorsal Olig2 cells can be producedgenesis can give rise to OPCs and oligodendrocytes
on schedule as in vivo (Figure 6). Third, dorsal Olig2 locally from the dorsal neuroepithelial cells in normal
and Nkx6/Shh mutant spinal cords. Since the dorsalexpression in Nkx6mutants was no later than its ventral
expression. At E13.5 and E14.5, there was an apparent Olig2/Pax7/Mash OPCs were observed in the tho-
racic or even more caudal regions (data not shown), it isdiscontinuity of dorsal Olig2 cells and ventral Olig2
cells in the mutants (Figures 2B, 2D, 5E, and 5J), and unlikely that they represent the longitudinally migrating
cells from the rostral hindbrain.the number of Olig2 cells in E14.5 dorsal half far ex-
ceeded that of ventral Olig2 cells, arguing against the Similar to the early ventral OPCs, the dorsal-derived
Olig OPCs are capable of migration, proliferation, anddorsal migration of Olig2 cells at least at these early
stages. However, it is plausible that some ventralOlig2 differentiation along the oligodendrocytic lineage after
they migrate out of the germinal zone. The delayed ap-cells could migrate dorsally after E14.5 and contribute
to the dorsal OPC population. Finally, OPCs can be pearance ofPDGFRa and Sox10OPCs in theNkx6/
and Shh/ mutants indicated that the late-born dorsalproduced from the dorsal region of Shh mutant spinal
cord, which lacks the pMN domain (Pierani et al., 1999) OPCs develop and differentiate much later than the
early-born ventral oligodendrocytes. Although no MBPand presumably the ventral oligodendrogenesis (Figure
8), although we can not absolutely exclude the possibil- and PLP expression was observed in both mutants at
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Figure 9. Proposed Origins and Molecular
Specification of Oligodendrocytes in the Spi-
nal Cord
(A) Proposed oligodendrocyte development
in Nkx6/ and Shh/ mutant spinal cords. In
the wild-type, a vast majority of OPCs are
derived from the ventral pMN domain. A sub-
population of OPCs is also generated from
the dorsal dI3–dI5 domains independent of
Nkx6 andShh activities. The arrows represent
the possible migration directions.
(B) Time schedule of lineage progression for
both dorsal- and ventral-derived OPCs. The
generation of dorsal OPCs is about 2 days
later than that of ventral OPCs. In general,
there is a parallel delay in dorsal OPC genera-
tion and their differentiation.
(C) Proposed molecular pathways for dorsal
and ventral oligodendrogenesis. Shh and
BMPs are known to be the major inducer and
repressor of oligodendrogenesis, respectively.
In the ventral spinal cord, OPCs are gener-
ated in a Shh/Nkx6-dependent mechanism.
Repression of BMP signaling by the noto-
chord-derived Noggin may also contribute to
ventral oligodendrogenesis. In the dorsal spi-
nal cord, OPCs are generated independent
of the Shh/Nkx6 pathway andmay result from
a combination of FGFs and progressive loss
of BMP inhibition over time.
E18.5, OPCs in both mutants could mature into MBP findings that OPCs are generated from Shh/ spinal
cord provide the missing link that Shh-independent oli-oligodendrocytes (Figures 4F and 8P) or even myelinate
godendrogenesis also occurs during spinal cord devel-axons (Figure 4H) if they were allowed to develop further
opment as well. In the absence of Shh signaling,in vitro. Consistently, OPCs generated in the dorsal ex-
Olig1/2 OPCs were still generated on schedule (atplants of normal embryos could also differentiate into
E14.5) as in the wild-type dorsal spinal cord. Althoughmature oligodendrocytes (Figure 6). In general, there
we can not formally exclude the possibility that theappears to be a parallel delay of OPC generation and
hedgehog signaling inShh/mutants could be compen-their terminal differentiation asobserved in other genetic
sated by the upregulation of expression of other hedge-mutants (Qi et al., 2003; Liu et al., 2003).
hog members such as Indian hedgehog (Ihh) or Desert
hedgehog (Dhh), we do not favor this possibility, asA Shh-Independent Pathway
we failed to detect by in situ hybridization (ISH) thefor Oligodendrogenesis
expression of Ihh or Dhh in either wild-type or Shh mu-in the Developing Spinal Cord
tant spinal cords around the onset of dorsal oligoden-
Early studies demonstrated that blockade of Shh signal-
drogenesis (data not shown).
ing can inhibit oligodendrogenesis both in vivo and
The signaling mechanism underlying the Shh-inde-
in vitro (Orentas et al., 1999; Davies and Miller, 2001; pendent late phase of dorsal oligodendrogenesis in the
Tekki-Kessaris et al., 2001). Thus, it has been believed spinal cord is uncertain at this stage. Since bFGF can
that Shh signaling is required for the development of induce oligodendrocytes in dissociated dorsal neural
oligodendrocytes in the entire CNS. However, the obser- progenitor cells (Gabay et al., 2003) independent of Shh
vations that OPCs can be produced from dorsal spinal signaling (Chandran et al., 2003; Kessaris et al., 2004)
cord explants in the presence of anti-Shh antibody (Fig- and in dorsal explants (our unpublished data), it is con-
ure 7) or from dissociated dorsal neural progenitor cells ceivable that FGF signaling may be partially responsible
in the presence of bFGF and cyclopamine (Chandran et for the late production of OPCs in the dorsal spinal cord
al., 2003; Kessaris et al., 2004) have suggested a Shh- (Figure 9C). In addition, the progressive reduction of
independent pathway for oligodendrogenesis. However, BMP signaling over time may also contribute to dorsal
the efficiency and specificity of the antibody and cyclo- oligodendrogenesis. It is known that BMP can antago-
pamine inhibition could potentially lead to alternative nize Shh-induced oligodendrocyte specification, and
explanations. Our observation that GalC oligodendro- experimental inhibition of BMP signaling is sufficient
cytes can develop from Smo/mutant ES cells provides to induce oligodendrocyte production both in vivo and
unambiguous genetic evidence that oligodendrogen- in vitro (Mekki-Dauriac et al., 2002; Miller et al., 2004;
esis can occur in the absence of hedgehog signaling Vallstedt et al., 2005 [this issue of Neuron)]. Future stud-
(Figure 7), at least in vitro. ies on the expression and function of various FGF and
Despite the in vitro data for Shh-independent oligoden- BMP molecules and their receptors will be needed to
drogenesis, there has been no evidence that this phe- determine their possible in vivo roles in the late phase of
oligodendrogenesis in the dorsal neural progenitor cells.nomenon can be applied to in vivo development. Our
Dorsal Oligodendrogenesis in Nkx6 and Shh Mutants
51
Spinal Cord Explant CultureMultiple Origins and Phases of Oligodendrogenesis
Segments of spinal cord tissues were isolated from E11.5, E13.5,in the Developing Spinal Cord
or E18.5 embryos at the thoracic region and grown either in collagenIt is generally accepted that early OPCs are induced from
gel or on 8.0 m nucleopore polycarbonate membranes (Costar)
the pMN domain of ventral spinal cord by the Shh signal floating on culture medium (DMEM  N2 supplement  30 ng/ml
(Poncet et al., 1996; Pringle et al., 1996; Orentas et al., T3  40 ng/ml T4  1 mg/ml BSA  0.5% FBS  Pen-Strep). In our
experience, the inclusion of a small amount of FBS in culturemedium1999) and that oligodendrocyte development is coupled
made cells healthier and did not appear to significantly affect oligo-to motor neuron development (Richardson et al., 2000; Lu
dendrocyte development in explant culture as compared to no se-et al., 2002; Zhou and Anderson, 2002). However, our data
rum (data not shown), although serum was shown to inhibit OPCin Nkx6/ and Shh/ mutants and in wild-type embryos
differentiation (Raff et al., 1983). For anti-Shh antibody treatment,
as well have provided strong evidence that a subset of 5E1 supernatant (1:3 DSHB) was added to culture medium. Follow-
OPCs originate from the dorsal spinal cord independent ing various days of culture in vitro, explants were then fixed in 4%
PFA and processed for immunofluorescent staining (Xu et al., 2000)of motor neuron development at later stages of oligoden-
or whole-mount in situ RNA hybridization with MBP riboprobe, asdrogenesis. Therefore, there are multiple origins of, and
described in Cai et al. (1999).distinct inductive mechanisms for, OPC production in the
developing mammalian spinal cord. Based on these ob-
Culture and Differentiation of Embryonic Stem Cells
servations, we propose that there are two phases of Olig Normal and Smo/ ES cells were maintained on MEF feeder cells
gene expression during normal spinal cord development, in ES medium with LIF. During differentiation, ES cells were dissoci-
the Shh/Nkx6-dependent early phase of Olig expression ated and grown on nonadherent petri dishes for 2 days in the ab-
sence of LIF and 4 additional days in 5 M retinoic acid to generateand oligodendrogenesis in the pMN domain and the Shh/
embryoid bodies (EB). Following 10 days of suspension culture,Nkx6-independent late phase of Olig expression and oli-
EBs were trypsinized with trypsin/EDTA, and cells were plated ongodendrogenesis in the dorsal spinal cord (Figures 9A
laminin-coated cover slips and cultured for 15 days prior to immuno-
and 9B). fluorescent staining with anti-GalC antibody.
The dorsal oligodendrogenesis in mouse spinal cord
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